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Parts of the amino acid sequences of horse and dromedary pancreatic ribonuclease were reinvestigated. The 
sequence of residues 21-25 in horse ribonuclease is Ser-Asn-Pro-Thr-Tyr or Ser-Asn-Ser-Thr-Tyr. The as- 
paragine in the latter sequence is glycosylated. Horse ribonuclease possesses four additional amino acid resi- 
dues at the C-terminus, like a number of other ribonucleases. Position 39 in horse and dromedary ribonu- 
clease is not deleted but is occupied by tryptophan. 
Ribonuclease Glycoprotein 
1. INTRODUCTION 
Horse ribonuclease is a heavily glycosylated pro- 
tein with carbohydrate attached to two or three 
different sites on the molecule [l]. All molecules 
were found to have carbohydrate attached to the 
sequences Asn-Met-Thr (positions 34-36) and Asn- 
Ile-Thr (62-64), but only part of them have car- 
bohydrate attached to a third site near residue 21. 
Only the carbohydrate-free peptide with this site 
had been sequenced and found to have the se- 
quence Asn-Pro-Thr (21-23). 
There was no indication that the carbohydrate- 
free and glycosylated peptides might differ in se- 
quence and because of scarcity of material the 
glycopeptide was not sequenced [ 1,2]. 
Since these studies on horse pancreatic ribonu- 
clease, knowledge of glycoprotein structure and 
synthesis has increased tremendously [3]. One 
aspect is the structural requirements, in addition to 
an Asn-X-Ser/Thr sequence, of the glycosylation 
site for accepting carbohydrate. Using synthetic 
peptides it has been found that the presence of pro- 
line at position X prevents carbohydrate attach- 
Tryptophan Stop codon 
ment [4]. No glycosylated Asn-Pro-Ser/Thr se- 
quences have been found in nature, except the sup- 
posed one in horse ribonuclease. Since the ex- 
perimental evidence for the latter sequence was not 
strong, it was decided that it should be reinvesti- 
gated . 
During these studies some other deviations from 
earlier work were found. One of these is the 
presence in the sequence of tryptophan at position 
39 instead of a deleted residue. Since a deletion at 
the same position had been found in dromedary 
ribonuclease [5], the possible presence of tryp- 
tophan in the latter sequence was also investigated. 
2. MATERIALS AND METHODS 
Horse and dromedary ribonucleases were isolated 
by extraction with 0.125 M sulfuric acid and affini- 
ty chromatography [5,6]. Trypsin (treated with 
L-1-tosylamide-2-phenylethylchloromethyl ketone, 
TPCK) and cu-chymotrypsin were from Wor- 
thington (Freehold, NJ), and subtilisin Carlsberg 
from Fluka (Buchs, Switzerland). 
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Horse ribonuclease (IO mg) was treated with 125 
mg CNBr in 250~1 of 70% triffuoroacetic acid for 
20 h. A few small peptides, including the glycopep- 
tide with Asn-34, were separated from larger 
fragments by gel filtration on a column (1 x 100 
cm) of Sephadex G-50 (fine) in 0.2 M acetic acid. 
The first peak was oxidized with performic acid, 
lyophilized and digested with 50 pg TPCK-treated 
trypsin at 37°C in 500 ~1 of 0.2 M ammonium 
bicarbonate for 2 h, followed by the addition of 50 
,ug chymotrypsin and continuation of the incuba- 
tion for another 2 h (ox-peptides). Another batch 
of horse ribonuclease (10 mg) was reduced and car- 
boxymethylated ]7], and digested with 100 pg 
TPCK-treated trypsin at 37°C in 1 ml of 0.2 M am- 
monium bicarbonate for 4 h, followed by the addi- 
tion of 100 pg chymotrypsin and continuation of 
the incubation for another 4 h (R-peptides). 
degradation. In a single instance degradation with 
dimethylaminoazobenzene isothiocyanate 
(DABITC) was used [9]. The absence of amide 
groups in peptide Ox4b was concluded from its 
electrophoretic mobility at pH 6.5 [lo]. Quan- 
titative analysis of monosaccharides released from 
glycopeptides after methanoIysis was done as 
described by Kamerling et al. [I 11. Other methods 
followed previous descriptions [5,12,I3]. 
3. RESULTS AND DISCUSSION 
3.1. Horse ribonuciease 
3.1.1. Positions 21-24 
Peptides were isolated by gel filtration on 
Sephadex G-25 (fig. 1) followed by reversed-phase 
high-performance liquid chromatography (HPLC) 
using a Nucleosil 100 CI~ column (300 x 4.6 mm) 
with a gradient of 067% acetonitrile in 0.1% 
tri~uoroacetic acid in 60 min at a flow rate of 1 .O 
mb’min (fig.2). Peptide 0x1,2 (100 nmol) was 
digested with SOpg chymotrypsin at 37°C in 500~1 
of 0.2 M ammonium bicarbonate for 2 h, followed 
by the addition of 5Opg subtilisin and continuation 
of the incubation for 3 h. Peptide Oxl,2Sl was 
isolated from the digest by HPLC. The second 
peak of fig.2 (peptide Rl, 30 nmol) was digested 
with 3Opg subtilisin at 37°C in 300~1 ammonium 
bicarbonate for 4 h. Peptides RlS2 and RlS3 were 
isolated by HPLC. 
Sequenator uns on purified horse ribonuclease 
suggested the presence of the sequence Asn-Pro- 
Thr-Tyr (positions 22-25) rather than the sequence 
Asn-Pro-Thr-Asn-Tyr (positions 21-25) found 
earlier [I]. Sequence studies on carbohydrate-free 
peptides from this region of the molecule, obtained 
from the digest of the CNBr-treated and performic 
acid-oxidized protein, confirmed these observa- 
tions (table 1, fig.4). 
3.1.2. GIycopeptides 
Dromedary ribonuclease (10 mg) was reduced 
and carboxymethylated [7] and digested with 100 
pg trypsin-TPCK at 37°C in 1 ml of 0.2 M am- 
monium bicarbonate for 3 h (D-peptides). Peptides 
were isolated by gel filtration on Sephadex G-25 
(fig.3) followed by reversed-phase HPLC. Peptide 
D2 (residues 67-85, 80 nmol) was digested with 20 
Fg chymotrypsin at 37°C in 200 ~1 of 0.2 M am- 
monium bicarbonate for 5 h. Peptide D2Cl was 
isolated by HPLC. 
Horse ribonuclease was eluted as a broad peak 
from the affinity column, with the front of the 
peak containing more carbohydrate than the tail. 
Fig. 1 presents the gel filtration pattern of the pep- 
tides obtained after digestion of the reduced and 
carboxymethylated protein with trypsin and chy- 
motrypsin. Peak A contained the glycopeptides, 
which were separated from each other by HPLC 
(fig.2). 
The glycopeptide with Asn-62 was obtained in a 
high yield from digests of both the CNBr-treated 
and oxidized, and the reduced and carboxymethyl- 
ated protein (peak 1 in fig.2). A small amount of 
carbohydrate-free peptide was isolated from a 
digest made from ribonuciease which eluted late 
from the affinity column. This peptide eluted at a 
position corresponding to peak D in fig.1 during 
gel filtration. 
Amino acid analyses were performed with a The glycopeptide in the second peak of fig.2 was 
Kontron Liquimat III amino acid analyzer. Tryp- not pure. However, after digestion with subtilisin 
tophan was determined after hydrolysis with 3 M and HPLC, pure peptides were obtained, including 
mercaptoethanesulfonic acid for 72 h [S]. Amino the glycopeptide RlS3 (table 1, fig.4). This peptide 
acid sequences of peptides were determined by has the same sequence as the corresponding carbo- 
automatic Edman degradation or dansyl-Edman hydrate-free peptide Oxl,2Sl, except for the re- 
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Table 1 
Amino acid compositions of peptides 
Peptide 0x1,2 Oxl,2Sl 0x1 RlS2 RlS3 R2 R3 Ox4a Ox4b Dl D2Cl 
Cysteine= 
Aspartic acid 
Threonine 
Serine 
Glutamic acid 
Proline 
Glycine 
Alanine 
Valine 
Methionineb 
Glucosamine 
lsoleucine 
Leucine 
Tyrosine 
Phenylalanine 
Lysine 
Histidine 
Arginine 
Tryptophan 
1.0(l) 
3.2(3) 
2.0(2) 
4.9(5) 
1.1(l) 
1.0(l) 
1.0(l) 
0.q 1) 
0.9( 1) 0.9( 1) 0.8( 1) 0.8(l) 
1.1(l) 2.3(2) 0.9(l) 
1.0(l) 1.9(2) 0.9(l) 
2.0(2) 5.0(5) 3.1(3) 
0.2 
1.0(l) 1.0(l) 
0.1 1.0(l) 1.0(l) 
0.3 
0.1 
0.1 
0.1 
1.3(l) 1.0(l) 
1.1(l) 0.9(l) 
2.7(3) 0.2 
0.4 1.0(l) 
0.6 1.0(l) 
1.1(l) 
2.5 2.3 
0.2 
0.8(l) 
0.8(l) 
1.0(l) 1.3(l) 
1.1(l) 1.1(l) 
2.3(2) 
0.2 1.1(l) 
1.2(l) 
0.2 
0.7( 1) 
1.5(2) 
2.6 
1.1(l) 
1.9(2) 
1.2(l) 3.3(3) 
2.1(2) 
1.0(l) 2.1(2) 
0.9(l) 5.2(5) 
1.1(l) 
1.1(l) 
1.1(l) 1.2(l) 
1.8(2) 2.9(3) 
1.1(l) 
0.5( 1) 
1.0(l) 
1.1(l) 
1.6(2) 
0.8( 1) 
0.5(l) 
1.1(l) 
2.2(2) 
2.8(3) 
2.1(2) 
1.7(2) 
1.2(l) 
0.9( 1) 
1.0(l) 
Position in sequence 14-29 20-25 14-25 14-19 20-25 34-39 62-66 121-128121-126 34-61 67-79 
Sephadex pool (fig.1 or 3) ‘B’ (‘B’) ‘D’ (A) (A) A ‘C’ ‘D’ A (B) 
Amount (nmol) 140 57 11 22 10 150 200 27 40 100 22 
Amino acid analysis of peptides were performed on samples hydrolyzed in 0.25 ml of 6 M HCI at about 110°C in 
evacuated sealed tubes. Values were not corrected for hydrolysis losses. The composition of each peptide as derived 
from this and previous studies [ 1,2,5] is shown within parentheses. Peptides were isolated from digests by gel filtration 
and HPLC. Sephadex pools are indicated. ‘B’, etc., pool corresponding with pool B from fig. 1; (A), etc., peptide 
formed by secondary digestion and isolated by HPLC. The peptide nomenclature is explained in section 2 
“Cysteic acid (Ox-peptides) or carboxymethyIcysteine‘(R- and D-peptides) 
bHomoserine + homoserine lactone (Ox-peptides) or methionine (R- and D-peptides) 
‘Tryptophan determined after hydrolysis with 3 M mercaptoethanesulfonic acid 
A280 
-2 
-1 
placement of proline by serine. Apparently, the 
reason that only part of the horse ribonuclease 
molecules are glycosylated in this stretch of the se- 
quence is not the presence of a less active glycosyl- 
ating system in horse pancreas. Instead, it has a 
structural basis in the amino acid sequence and is 
in agreement with results obtained from in vitro 
glycosylation studies on synthetic peptides [4]. 
- 
Fig.1. Gel filtration of the tryptic and chymotryptic 
digest of reduced and carboxymethylated horse 
ribonuclease on a column (0.5 x 100 cm) of Sephadex 
G-25 (superfine). Elution was carried out with 0.2 M 
--- acetic acid at 2 ml/h; 0.3-ml fractions were collected. 
1 I 
LO 60 
Fractions were pooled as indicated by bars. (-) A220; 
(---) Azso. 
FRACTION NUMBER 
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A 211, 
15 
lo- 
05- 
50 % 
0 % 
20 LO 
TIME ( mln) 
Fig.2. Reversed-phase high-performance liquid 
chromatography of pool A of fig.1 performed as 
described in section 2. (-) AZM, (---) acetonitrile 
gradient. The eluate was pooled as indicated by bars. 
When a general rule of nature has been dis- 
covered, there are sometimes conflicting observa- 
tions from earlier work. Such exceptions may be 
real or they may be caused by experimental errors, 
and it is generally useful to reinvestigate such 
cases. Our earlier finding that horse ribonuclease 
contains a glycosylated Asn-Pro-Thr sequence is 
an example. Another instance is the sequence Asn- 
Ser-Gly with attached carbohydrate in phosvitin, 
which had been found by Shainkin and Perlmann 
[14] before the Asn-X-Ser/Thr sequon rule was 
formulated by Marshall [ 151. The recently pub- 
lished amino acid sequence of phosvitin derived 
from its DNA sequence presents the sequence Asn- 
Gly-Ser [16], which is in agreement with the se- 
quon rule of carbohydrate attachment. 
The glycopeptide with Asn-34 from the reduced 
and carboxymethylated digest eluted rather late 
from the HPLC column and had a high UV absor- 
bancy (peak 3 in fig.2). These properties and the 
amino acid analysis obtained after hydrolysis with 
HCI made the deletion of residue 39 proposed in 
[l] suspect. Amino acid analysis after hydrolysis 
with 3 M mercaptoethanesulfonic acid (table 1) 
and sequence determination with identification of 
the dansylated derivative after 5 Edman steps 
without hydrolysis confirmed that position 39 is 
occupied by tryptophan (fig.4). 
3.1.4. Carbohydrate composition of glycopeptides 
The carbohydrate compositions of the glycopep- 
tides Rl-R3 are presented in table 2. Rather 
similar values were obtained for the 3 peptides. 
3.1.5. C-terminus 
Although pig and horse ribonuclease are both The first ribonuclease we investigated which has 
glycosylated in the so-called S-peptide loop, we additional residues at its C-terminus was the en- 
now know that the exact positions are not iden- zyme from horse. The C-terminal sequence Gln- 
tical: in pig ribonuclease Asn-21 is glycosylated, Thr (positions 125-126) was derived from analysis 
while in horse ribonuclease it is Asn-22. of peptides from the C-terminal region of the 
30 10 50 
\280 
2 
1 
FRACTION NUMBER 
Fig.3. Gel filtration of the tryptic digest of reduced and 
carboxymethylated dromedary ribonuclease on a 
column of Sephadex G-25. See legend to fig.1 for other 
details. 
3.1.3. Position 39 
A glycopeptide with Asn-34 could be isolated by 
gel filtration of the CNBr digest before performic 
acid oxidation and further digestion. No cor- 
responding carbohydrate-free peptide was found. 
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RIBONUCLEASE - HORSE 
14 20 25 29 
-~pp-Se~Cly-Ser-Thr-Ser-Ser-Ser-ASn-Pro-Thr-Tyr-Cys-ASn-Gln~let- 
, 1. 
11--71--71111 
k----Yxl,2Sl-----+ 
-17111 
c 0x1 I 
1 
14 20 25 
cm 
-Asp-Ser~ly-Ser-Thr-Ser-Ser-Ser-A:n-Ser-Th=-Ty=- 
Y 
1?.2------( -1.53------l 
-777-717 
34 39 62 66 
CBO am 
-A:n-Met-ThT~ln~ly-Trp- -A&Ile-Thr-Cys-Lys- 
-2-------1 
17-71-77 
q--+3-----+ 
120 125 12S 
-Asp-Ada-Se=-“al~.l”-Val-Ser-Thr 
c------ox4a I 
7n-7-77 
b-----oXrl~ 
-7-77777 
34 40 43 61 
-Glu-Het-Thr-Asp~ly-Trp-Cys-Lys-Pro-Val- etc. -L~S 
I i) -v-n--n7--n--n4F~7/~, 0 
Fig.4. Amino acid sequence of the peptides used to 
correct the sequences of horse and dromedary 
ribonuclease. The peptide nomenclature is explained in 
section 2. (I - I) Peptides, (7) identified as dansyl 
amino acid, (7) identified as phenylthiohydantoin 
derivative during automatic Edman degradation, (7) 
identified as dimethylaminoazobenzene thiohydantoin 
derivative. The C-terminal residues of peptides Ox4a 
and Ox4b were identified by analysis of both hydrolyzed 
and non-hydrolyzed samples of the dansylation reaction 
products. 
molecule and from degradation of intact ribo- 
nuclease with carboxypeptidase A [1,2]. Later, 
several other ribonucleases with additional residues 
at the C-terminus were found. However, these 
ribonucleases all have 4 additional residues, in 
agreement with a second stop codon at position 
129 in the non-coding region of the messenger 
RNA sequence of rat ribonuclease [17,18]. 
Here, 4 additional residues, with the sequence 
Glu-Val-Ser-Thr (12%128), were also found in the 
sequence of horse ribonuclease (fig.4, table 1). 
However, the major peptide isolated now was 
Asp-Ala-Ser-Val-Glu-Val, besides Asp-Ala-Ser- 
Val-Glu-Val-Ser-Thr (table 1). Probably, carbox- 
ypeptidase activity had removed the two C-ter- 
minal residues in most of the ribonuclease mole- 
cules. A similar situation was encountered during 
our studies on human ribonucleases, in which we 
found the C-terminal sequence Glu-Asp-Ser 
Table 2 
Carbohydrate compositions of glycopeptides of horse 
ribonuclease 
Monosaccharide Peptide Rl Peptide R2 Peptide R3 
(Asn-22) (Asn-34) (Asn-62) 
Fucose 0.5 1.0 0.9 
Mannose 2.4 3.1 3.9 
Galactose 0.5 1.4 0.9 
N-Acetylgluco- 
samine 2.2 4.3 3.4 
Sialic acid 0.1 0.8 0.4 
The amount of monosaccharide is given in mol per mol 
peptide. The amount of N-acetylglucosamine has been 
corrected for incomplete cleavage of the N-glycosidic 
bond during methanolysis 
(125- 127) in the pancreatic enzyme [ 131 and Glu- 
Asp-Ser-Thr (125-128) in a ribonuclease from 
urine with otherwise identical sequence [19]. The 
removal of the two residues in horse ribonuclease 
and of one residue in human ribonuclease is in 
agreement with the specificity requirements of car- 
boxypeptidase A [20]. 
3.2. Dromedary ribonuclease 
The only other ribonucleases in which we found 
a deletion at position 39 are those from dromedary 
[5] and bactrian camel [21]. 
Amino acid analysis of dromedary ribonuclease 
after hydrolysis with 3 M mercaptoethanesulfonic 
acid showed the presence of 0.6 equivalents of 
tryptophan. A large tryptic peptide was isolated 
from the reduced and carboxymethylated protein 
(Dl, table 1). This peptide was submitted to 
automatic Edman degradation and tryptophan was 
identified at the sixth position (fig.4). Another dif- 
ference with previous studies was the observation 
of aspartic acid instead of asparagine at position 
37. 
Peptide D2Cl (residues 67-79) has also been 
isolated and analyzed (table 1). This peptide con- 
tains one serine less and one threonine more than 
the published sequence [5]. This result and reex- 
amination of the earlier results [5,21] suggest that 
position 78 is occupied by threonine instead of 
serine. 
Fig.SA summarizes the corrected amino acid se- 
quence of horse ribonuclease (with the carbohy- 
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A. RIBotmCLEAsE - HORSE 
5 IO 15 20 25 30 
~KESPA~KFERQH~DSGSTSSSNPTYCNQMM 
~~KRRN~TQGWCKPVNTFVHEPLADVQAICLQ 
Fig.5. Corrected amino acid sequences. (A) Horse 
ribonuclease, (B) dromedary ribonuclease. 
drate-free Asn-Pro-Thr sequence at positions 
22-24) and fig.SB contains the corrected sequence 
of dromedary ribonuclease. Bactrian camel ribo- 
nuclease was no longer available. However, since 
the sequence of this enzyme had been found to be 
identical to that of a minor component of drome- 
dary ribonuclease [21], we may assume that the 
corrections of the latter sequence also are valid for 
bactrian camel. 
ACKNOWLEDGEMENTS 
I thank Drs A.J. Scheffer and G.W. Welling for 
fruitful discussions and the opportunity to in- 
vestigate together the experimental data obtained 
previously, Dr R.N. Campagne for critically 
reading the manuscript, and Mr G.J. Gerwig and 
Dr J.P. Kamerling (Organisch Chemisch Labora- 
torium, Utrecht) for performing the carbohydrate 
analyses. 
REFERENCES 
111 
PI 
[31 
141 
151 
161 
171 
PI 
191 
1101 
1111 
L1-J 
1131 
1141 
1151 
t161 
WI 
Pll 
Scheffer, A.J. and Beintema, J.J. (1974) Eur. J. 
Biochem. 46, 221-223. 
Scheffer, A.J. (1973) PhD Thesis, Groningen. 
Sharon, N. and Lis, H. (1982) The Proteins, 3rd 
edn (Neurath, H. and Hill, R.L. eds) vol. V, pp. 
l-144. 
Bause, E. and Hettkamp, H. (1979) FEBS Lett. 
108, 341-344. 
Welling, G.W., Groen, 0. and Beintema, J.J. 
(1975) Biochem. J. 147, 505-511. 
Wierenga, R.K., Huizinga, J.D., Gaastra, W., 
Welling, G.W. and Beintema, J.J. (1973) FEBS 
Lett. 31, 181-185. 
Crestfield, A.M., Moore, S. and Stein, W.H. 
(1963) J. Biol. Chem. 238, 622-627. 
Penke, B., Ferenczi, R. and Kovacs, K. (1974) 
Anal. Biochem. 60, 45-50. 
Chang, J.-Y. (1983)MethodsEnzymol. 91,455-466. 
Offord, R.E. (1966) Nature 211, 591-593. 
Kamerling, J.P., Gerwig, G.J., Vliegenthart, 
J.F.G. and Clamp, J.R. (1975) Biochem. J. 151, 
491-495. 
Gaastra, W., Welling, G.W. and Beintema, J.J. 
(1978) Eur. J. Biochem. 86, 209-217. 
Beintema, J.J., Wietzes, P., Weickmann, J.L. and 
Glitz, D.G. (1984) Anal. Biochem. 136, 48-64. 
Shainkin, R. and Perlmann, G.E. (1971) J. Biol. 
Chem. 246, 2278-2284. 
Marshall, R.D. (1972) Annu. Rev. Biochem. 41, 
673-702. 
Byrne, B.M., Van het Schip, A.D., Van de Klun- 
dert, J.A.M., Arnberg, A.C., Gruber, M. and Ab, 
G. (1984) Biochemistry 23, 4275-4279. 
MacDonald, R.J., Stary, S.J. and Swift, G.H. 
(1982) J. Biol. Chem. 257, 14582-14585. 
Beintema, J.J. (1983) FEBS Lett. 159, 191-195. 
Beintema, J.J., Blank, A., Dekker, C.A., Sorren- 
tino, S., Libonati, M., Gerwig, G.J. and Kamer- 
ling, J.P. (1984) Abstr. XIIth Int. Carbohydr. 
Symp., Utrecht, p. 250. 
Ambler, R.P. (1967) Methods Enzymol. 11, 
155-166. 
Welling, G.W., Mulder, H. and Beintema, J.J. 
(1976) Biochem. Gen. 14, 309-317. 
120 
